Abstract. Renal medullary circulation has now been found to play a fundamental role in regulating long-term blood pressure control and fluid balance. Elevation of superoxide or reduction of nitric oxide (NO) in renal medulla decreases medullary blood flow and Na excretion, resulting in sustained hypertension. Angiotensin II (Ang II)-induced interaction of superoxide and NO was determined in thin tissue strips isolated from the renal outer medullary region of Sprague-Dawley rats using fluorescent microscopy techniques. Ang II can induce diffusion of NO, but not superoxide, from the medullary thick ascending limb (mTAL) to the surrounded vasa recta. However, when NO is reduced by the NO scavenger carboxy-PTIO, Ang II can induce superoxide diffusion from mTAL to vasa recta pericytes. Therefore, the physiological action of oxidative stress in renal medullary region is demonstrated as balance of superoxide and NO diffusion ("tubulo-vascular cross-talk"). These results explain how chronically hypoxic medulla can maintain blood flow. In other studies using chronically instrumented rats, we found that nearly 70% of Ang II-induced medullary renal injury was dependent on pressure determined by servo-control of renal perfusion pressure, whereas 30% of the injury was non-hemodynamic. We conclude that oxidative stress within the renal medulla can induce hypertension and also make the kidney functionally more vulnerable to the effects of Ang II.
Introduction
Although renal medullary blood flow (MBF) is supplied by only 5 -10% of the total renal flow, it has been found to play an important physiological role in the Na homeostasis and long-term arterial blood pressure (1) . Also only a 15 -30% reduction of MBF can result in decrease of Na excretion and sustained hypertension (1). This is not mediated by the well-known countercurrent mechanisms involved largely in processes of urine concentration, but by unique mechanisms discussed below. Although the PO 2 level of renal medulla is less than 40%, the active tubular transport requires oxygen, especially in the region of the medullary thick ascending limb (mTAL) (1, 2) . Since oxygen utilization in the outer medulla is flow limited, it appears that tubules in this region have acquired a unique mechanism using free radicals in response to vasoconstrictors to protect tubular cells from hypoxia. In this brief review, we therefore focus on this mechanism that participates in the pathophysiological role of angiotensin II (Ang II) in the renal medullary circulation and renal injury.
Basics of medullary circulation to the control of blood pressure MBF is mostly supplied from the efferent arterioles of juxtamedullary glomeruli and radiated into descending vasa recta bundles in the outer medulla. The descending vasa recta enter straight into the inner medulla and loop at the tip of the papilla flowing to ascending vasa recta (1, 2) . Even with the anatomical relationships between MBF and cortical blood flow (CBF), a number of studies have shown that MBF can be regulated independently of CBF (1 -12) . The incongruity of medullary flow was demonstrated by the technique in which vasoactive substances were delivered into the renal medullary interstitial space with a small implanted catheter and the flow measured with implanted optical fibers and laser-Doppler flowmetry techniques, as shown in Fig. 1  (1 -12) . The most prominent changes in MBF was seen when the nitric oxide synthase (NOS) inhibitor N G -nitro-L-arginine methylester (L-NAME) was infused into the medullary interstitial space. Infusion of L-NAME (120 µg / h) into this region of anesthetized SpragueDawley (SD) rats reduced MBF by nearly 70% of the baseline without altering CBF and decreased Na excretion by 34% (3) . In other studies where L-NAME was infused intravenously for one week at low doses, it was found that there was a selective reduction of medullary flow in the absence of any measurable changes of cortical blood flow, resulting in sodium retention and hypertension (4) . These results indicate that MBF can be regulated independently of CBF and that NO can be one of the specific modulators of MBF.
Evidence that vasa recta can constrict to regulate MBF independent of CBF has been shown by several investigators (13, 14) . Descending vasa recta are unique capillaries that have a layer of endothelium and some surrounded pericytes, which is the smooth muscle remnant. Park et al. have shown that pericytes of descending vasa recta contain alpha smooth muscle actin, suggesting that it vasoconstricts similar to smooth muscle cells (13) . Pallone and colleagues have shown using microdissected perfused vasa recta from rat outer medulla that these capillaries can indeed constrict and dilate in response to several substances including Ang II and NO (14) . Interestingly, descending vasa recta constricted at the points where the foot process of pericytes surrounded the capillaries (14) .
The importance of the fundamental role of pressurenatriuresis in the regulation of blood pressure and fluid volume was discovered by Guyton and associates (15) . It has been demonstrated that pressure natriuresis is blunted in hereditary and secondary forms of hypertension in both animal models and humans (16) . It has also been shown that the medullary circulation could largely contribute to this mechanism (1, 16) . A series of experiments done by Roman and Cowley have demonstrated that renal interstitial hydrostatic pressure (RIHP) can be importantly influenced by medullary blood flow (1, 16) . Increases in renal perfusion pressure in anesthetized rats are followed by elevations of MBF as determined by small implanted optical fibers and laserDoppler flowmetry techniques (5) . These studies have shown that MBF has weaker autoregulation than CBF. The pressure-induced increases of MBF were also accompanied by increases in RIHP and urinary Na excretion (17) . From these observed relationships, it has been proposed that this lack of autoregulation of medullary blood flow serves as the trigger for the pressure-natriuresis mechanism whereby higher renal perfusion pressure increases MBF that in turn elevates RIHP and thereby reduces Na reabsorption.
Physiological role of Ang II in medullary circulation
Ang II-induced NO production and associated changes in MBF have been studied in acute anesthetized (6) and chronic conscious (7) rats. Zou et al. have shown using a small implanted optical fiber in the kidney and the laser-Doppler flowmetry technique that a small subpressor dose of Ang II (5 ng ⋅ kg −1 ⋅ min −1 ) infused intravenously to anesthetized SD rats did not alter MBF, CBF, or medullary tissue PO 2 (6). However when L-NAME was infused into the medullary interstitial space at a dose that did not alter baseline MBF, the same dose of intravenous Ang II infusion reduced MBF and lowered medullary PO 2 without altering CBF (6) . Medullary NO production using the oxyhemoglobin trapping microdialysis technique was found to be increased by Ang II. These elevations of NO were responsible for maintaining a constancy of MBF in the face of the elevations of circulating Ang II since in rats pretreated with L-NAME, the same dose of Ang II resulted in nearly a 30% reduction of MBF. These results indicate that Ang II stimulated NO can buffer the reduction of MBF and protect the renal medulla from hypoxia (6) . Optical fibers were also implanted chronically into the interstitial space of SD rats and local blood flow was determined by laser-Doppler flowmetry (7) . Chronic intravenous infusion of Ang II at a dose that did not increase blood pressure acutely resulted in sustained reductions of MBF, leading to hypertension when a low subpressor dose of L-NAME was administered into the medullary interstitial space (7) .
Direct evidence that renal oxidative stress would reduce MBF and produce sustained hypertension has also been shown. Zou et al. has found that increase in renal superoxide with infusion of SOD inhibitor diethyldithiocarbamic acid (DETC) into renal medullary interstitial space of anesthetized SD rats could reduce MBF and Na excretion without altering CBF (8) . In contrast, infusion of the SOD mimetic 4-hydroxytetramethylpiperidine-1-oxyl (TEMPOL) into the same region increased MBF and Na excretion in anesthetized SD rats (8) , indicating that superoxide is also responsible for the physiological function of the medulla (8) . This was confirmed with a chronic rat study done by Makino et al. who showed that long-term administration of DETC into the renal medullary region from small catheters chronically implanted in the medulla of SD rats resulted in specific reduction of MBF and sustained hypertension (9) . In this model, increased interstitial superoxide concentrations were determined to ascertain the effect of DETC by micordialysis of the medullary interstitial fluid with the conversion of dihydroethidium to ethidium (9) .
Other reactive oxygen species such as hydrogen peroxide (H 2 O 2 ) have also been found to regulate MBF (10, 11 (10) . Importantly, when H 2 O 2 was chronically infused directly into the renal medulla, chronic hypertension resulted that was associated with a 3-fold increase of medullary interstitial H 2 O 2 level determined by the renal microdialysis methods (11) . Taken together, these results demonstrate that superoxide production in the renal medulla can play both a physiological and pathphysiological role in regulating MBF and in the long-term control of blood pressure. The next question that was addressed was whether Ang II-induced oxidative stress could indeed modify MBF and thereby chronically influence renal function and arterial pressure.
Ang II-induced diffusion of free radicals in renal medulla
From the observations obtained from the microdialysis measurement of NO in the interstitial fluid, it was hypothesized that NO could be diffusing through the kidney and act as a paracrine factor between the cell types. Therefore, the source and the diffusion capability of free radicals in response to Ang II were determined in the medullary region. To accomplish this task, we established a technique that could visualize the real-time increase of free radicals in the living tissue isolated from the renal medulla (18, 19) . The tissue was freshly isolated from the renal medulla of SD rats after blood was removed by infusion of physiological solution from the renal artery. The inner stripe of the outer medulla was hand dissected under the stereomicroscope while the tissue was maintained in an ice-cooled chamber. The thin tissue contained a single layer of tubules (mainly mTAL) and vessels (vasa recta) that maintained their normal morphological relationships as shown in Fig. 2  (18, 19) . To determine free radical interactions of pericytes and mTAL or changes within the vasa recta pericytes alone, thin layers of tissue were isolated. For studies in which pericyte activity was to be studied, we first disrupted vasa recta endothelium with microsphere beads perfused from the renal artery to separate the signal from the endothelium to pericytes (18, 19) . The tissues were placed in the temperature-controlled chamber on the stage of a fluorescent microscope after loading with the free radical fluorescent indicators. DAF-2DA was used for NO detection and dihydroethidium, for superoxide. A ratio-metric measurement was utilized to measure superoxide production by dihydroethidium so that the effects of dye leakage and small changes in focus due to geometric changes would be automatically corrected (19) . This became possible by using rapid filter changers and a high sensitivity camera. The tissue was stimulated by exchanging the solution in the chamber. By using this technique, we were able to demonstrate the interactions between mTAL and vasa recta pericytes under Ang II stimulation (18, 19) .
As shown in Fig. 3 , 1 µmol / L of Ang II increased NO in pericytes of endothelium disrupted vasa recta when pericytes were present adjacent to the surrounding mTAL (18) . However, this dose of Ang II did not increase NO in either pericytes of endothelium disrupted vasa recta or endothelial cells of isolated vasa recta. Significant increases in NO were seen in epithelial cells of mTAL. Since this was the only source of NO production detected within the tissue, these observations demonstrated that the Ang II simulated NO in mTAL that in turn, diffused into adjacent pericytes (18) . Interestingly, it was observed that Ang II failed to increase intracellular Ca 2+ of vasa recta endothelium and actually decreased Ca 2+ levels, as determined by the fluorescent indicator fura-2AM. This then appears to have been responsible for the failure of Ang II to increase NO production in the endothelial cells since when intracellular Ca 2+ was increased using a Ca ionophore, intracellular NO elevations were observed. In contrast, Ang II did not increase in pericytes of vasa recta, even when intracellular Ca 2+ was increased using a Ca ionophore, indicating that pericytes may lack Ca 2+ -induced NO production (18) .
Superoxide production with the same dose of Ang II was also studied. The same dose of Ang II increased superoxide in the endothelium of vasa recta but failed to change the increase in superoxide production in adjacent pericytes (19) . Ang II also failed to increase superoxide in vasa recta pericytes in both tissue surrounded by mTAL and isolated vasa recta, while significant increase in intracellular superoxide level was observed in epithelial cells of mTAL (19) . However, when NO was reduced by the preincubation of the tissue with the NO scavenger carboxy-PTIO, the same dose of Ang II increased intracellular superoxide in vasa recta pericytes only in tissues surrounded with mTAL (19) . Moreover, intracellular NO was increased in vasa recta pericytes surrounded by mTAL when superoxide was scavenged by the SOD mimetic TEMPOL (19) .
Taken together, these results indicate that Ang II stimulates both NO and superoxide in epithelial cells of mTAL and that these reactive oxygen species can diffuse into pericytes of vasa recta. In SD rats, it is likely that diffusion of NO dominants (19) . This interaction of tubules and vessels in the outer medulla by free radicals, called "tubulo-vascular cross-talk", contributes to the modification of the direct vasaconstrictive action of Ang II as seen in the in vivo studies discussed above. Both superoxide production by Ang II stimulation in endothelium of vasa recta and epithelial cells of mTAL was inhibited by pre-incubation with apocynin and diphenyleneiodonium, an inhibitor of NAD(P)H oxidase and flavoprotein, respectively, indicating that the production of superoxide was through NAD(P)H oxidase (19) . The receptors involved in these responses remain uncertain. Although both vasa recta and mTAL express AT1 receptors, AT2 receptors were expressed in vasa recta but there is little evidence of AT2 receptors within mTAL as determined with immunohistochemistry in the tissue sections and RT-PCR from isolated microdissected segments (20) . Further studies will be required to determine how these receptors are involved in producing NO and superoxide for the regulation of MBF.
Ang II-mediated medullary circulation in Dahl saltsensitive rats and renal injury Ang II and NO interactions were determined in renal medulla of Dahl salt-sensitive hypertensive (DahlS) rats (12) . NO production in response to a subpressor dose of Ang II (5 ng ⋅ kg
) using the oxyhemoglobin trapping microdialysis techinique was impaired in low salt fed anesthetized DahlS rats and reduced MBF, while the same dose of Ang II did not alter MBF in BrownNorway (BN) rats (12) . Long term (7 days) intravenous administration of Ang II (3 ng ⋅ kg −1 ⋅ min −1 ), at a dose of which did not increase blood pressure in BN rats, caused sustained hypertension. However, when the NO substrate L-arginine was infused into the renal medullary region of DahlS rats, the same dose of Ang II failed to show sustained increase in blood pressure, indicating that reduced NO production by Ang II was responsible for hypertension in DahlS rats (12) . Expression of NOS mRNA and protein were also found to be decreased in the outer medulla of DahlS rats. NOS activity in the outer medullary region of DahlS rats determined with an L-arginine to L-citrulline HPLC conversion assay was significantly reduced compared to that of BN rats (12) . Moreover, Miyata et al. have shown that L-arginine infused into the renal medullary interstitial space restored the reduction of MBF and inhibited the increase in blood pressure after a high salt diet in DahlS rats (21) .
For oxidative stress, Meng et al. have shown using lucigenin chemiluminescence that DahlS rats fed with high salt diet have increased renal superoxide levels in both renal cortex and medulla (22) . Intravenous infusion of the SOD mimetic TEMPOL for 3 weeks to DahlS rats reduced renal superoxide level either with rats infused low or high Na diet (23) . In high Na infused DahlS rats, blood pressure was reduced and glomeruloscrerosis and urinary protein excretion were decreased (23) . These results indicate that renal oxidative stress is responsible for hypertensive renal injury in DahlS rats. However, as also indicated above, the role of oxidative stress in the regulation of MBF remains to be investigated.
As described above, interstitial PO 2 of outer medulla is less than 40%, while tubules in this region such as mTAL is oxygen-dependent due to high levels of metabolic activity required to transport NaCl (2) . Since it has also been shown that this transport is enhanced in DahlS rats compared to that of Dahl salt-resistant rats (24) , the greater levels of oxygen consumption with reduced levels of medullary flow could lead to chronic hypoxia. These conditions could explain the vulnerability to renal injury in this region and why interstitial and capillary injury was first found in the outer medullary region as shown by Johnson et al. (25) .
Ang II-induced renal injury in renal medullary region and interactions with renal perfusion pressure Ang II induces multiple forms of injury in the kidney such as vascular stenosis, glomerular screrosis, tubular necrosis, and interstitial fibrosis (26) . Since Ang II increases blood pressure, pressure-dependent and -independent renal injury was determined in Ang II intravenously infused rats with an implanted aortic occluder that enabled chronic servo-control of the perfusion pressure to the left kidney that could be maintained at a normal pressure during the development of hypertension (27) . Pressure-induced renal injury was determined by comparison of the right kidney to the left one, whereas effect of circulating Ang II independent of renal perfusion pressure to the renal injury was determined with the comparison of the left kidney to that of sham rats. The results demonstrated that the increase of renal perfusion pressure accounted for nearly 85% of the medullary injury found in this model of hypertension. This was found to be the case for injury in the interlobular arteries, juxtamedullary glomeruli, medullary tubules, and medullary interstitium. However, pressure-independent injury still remained in these regions and was particularly dominant in superficial glomeruli, indicating the direct effects of Ang II within the cortex (27) . TGF-β and NF-κB were expressed in the pressureinduced interstitial fibrosis, indicating that oxidative stress was involved in the pressure-induced medullary renal injury (27) .
Conclusion
In summary, a number of studies have now demonstrated the physiological functions of renal medullary flow and role of Ang II. Over the past decade, it has also been shown that reactive oxygen and nitrogen species can participate importantly in the regulation of MBF and in the long-term regulation of arterial blood pressure. The vulnerability of the renal medulla to pressure-induced injury in hypertension has been clearly demonstrated in the rat. However, these events remain to be demonstrated in human subjects, a task that will be challenging given the limited techniques available to study medullary function in human subjects. Although AT1-receptor blockers and ACE inhibitors are now widely used for protection against renal injury in hypertensive and diabetic patients, the functional aspects of the renal medullary function and injury to this region remains unclear and needs to be investigated.
